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BACKGROUND: Household air pollution (HAP) from biomass fuel combustion remains a leading environmental risk factor for morbidity worldwide.

OBJECTIVE:Measure the effect of liquefied petroleum gas (LPG) interventions on HAP exposures in Puno, Peru.
METHODS: We conducted a 1-y randomized controlled trial followed by a 1-y pragmatic crossover trial in 180 women age 25–64 y. During the first
year, intervention participants received a free LPG stove, continuous fuel delivery, and regular behavioral messaging, whereas controls continued their
biomass cooking practices. During the second year, control participants received a free LPG stove, regular behavioral messaging, and vouchers to
obtain LPG tanks from a nearby distributor, whereas fuel distribution stopped for intervention participants. We collected 48-h kitchen area concentra-
tions and personal exposures to fine particulate matter (PM) with aerodynamic diameter ≤2:5 lm (PM2:5), black carbon (BC), and carbon monoxide
(CO) at baseline and 3-, 6-, 12-, 18-, and 24-months post randomization.
RESULTS: Baseline mean ½± standard deviation ðSDÞ� PM2:5 (kitchen area concentrations 1,220± 1,010 vs. 1,190± 880lg=m3; personal exposure
126±214 vs. 104±100 lg=m3), CO (kitchen 53± 49 vs. 50± 41 ppm; personal 7± 8 vs. 7 ± 8 ppm), and BC (kitchen 180± 120 vs. 210± 150 lg=m3;
personal 19± 16 vs. 21± 22lg=m3) were similar between control and intervention participants. Intervention participants had consistently lower
mean ð±SDÞ concentrations at the 12-month visit for kitchen (41± 59 lg=m3, 3± 6 lg=m3, and 8±13 ppm) and personal exposures (26± 34 lg=m3,
2± 3 lg=m3, and 3± 4 ppm) to PM2:5, BC, and CO when compared to controls during the first year. In the second year, we observed comparable HAP
reductions among controls after the voucher-based intervention for LPG fuel was implemented (24-month visit PM2:5, BC, and CO kitchen mean concen-
trations of 34± 74 lg=m3, 3± 5 lg=m3, and 6± 6 ppm and personal exposures of 17± 15 lg=m3, 2± 2 lg=m3, and 3± 4 ppm, respectively), and average
reductions were present among intervention participants even after free fuel distribution stopped (24-month visit PM2:5, BC, and CO kitchenmean concen-
trations of 561± 1,251lg=m3, 82± 124 lg=m3, and 23± 28 ppm and personal exposures of 35± 38 lg=m3, 6± 6 lg=m3, and 4±5 ppm, respectively).

DISCUSSION: Both home delivery and voucher-based provision of free LPG over a 1-y period, in combination with provision of a free LPG stove and
longitudinal behavioral messaging, reduced HAP to levels below 24-h World Health Organization air quality guidelines. Moreover, the effects of the
intervention on HAP persisted for a year after fuel delivery stopped. Such strategies could be applied in LPG programs to reduce HAP and potentially
improve health. https://doi.org/10.1289/EHP10054

Introduction
Household air pollution (HAP) from the combustion of solid fuels
such as wood, crop waste, and animal dung is among the leading
environmental risk factors for preventable disease (Bennitt et al.

2021; Bruce et al. 2000; Cohen et al. 2017; Smith et al. 2014;
WHO 2016). Approximately 3:8 billion people worldwide, mostly
in low- and middle-income countries (LMICs), use biomass fuels
as their primary energy source for cooking (Murray et al. 2020).
Exposure to HAP from biomass cookstoves was estimated to be re-
sponsible for 2:3million deaths and 91:5million disability-
adjusted life-years in 2019 (Murray et al. 2020).

The incomplete combustion of biomass fuels produces a
complex mixture of gases and particulate pollutants (Fullerton
et al. 2008). Particulate matter (PM) and carbon monoxide (CO)
are the most commonly measured pollutants for cookstoves
(Pope et al. 2017; Thomas et al. 2015). The World Health
Organization (WHO) has developed indoor air pollution guide-
lines (WHO 2006, 2010, 2014) recognizing the health impacts of
biomass cookstoves in low-income households. For example, the
WHO recommends that 24-h indoor mean PM2:5 concentrations
be <25lg=m3 (WHO 2014), although a growing body of evi-
dence suggests that there is no safe level of PM2:5 exposure
(Burnett et al. 2018; Liu et al. 2019; Raaschou-Nielsen et al.
2013; WHO 2006). Black carbon (BC), one of the main compo-
nents of PM2:5 resulting from the incomplete combustion of
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carbonaceous materials, has been found to play an important role
in a range of health effects, including cardiovascular and respira-
tory disease development (Kelly and Fussell 2012; WHO 2012).
However, evidence on BC exposures from biomass cookstoves
in LMICs is limited (Achilleos et al. 2017; Rohr and McDonald
2016; Soneja et al. 2016).

Early efforts to reduceHAP exposures have focused on improv-
ing the combustion efficiency of biomass cookstoves or directing
smoke outdoors by building chimneys (Gordon et al. 2014; The
World Bank 2010). Although improved biomass cookstove inter-
ventions have achieved important reductions in emissions and
indoor concentrations, HAP concentrations remained several fold
higher than the WHO recommended guidelines as shown in litera-
ture reviews (Balmes et al. 2014; Pope et al. 2017, 2021). Thus,
intervention efforts are shifting toward stoves that use cleaner fuels
such as liquefied petroleum gas (LPG) (Albalak et al. 2001;
Anderman et al. 2015; Begum et al. 2009; Checkley et al. 2021;
Clasen et al. 2020; Dutta et al. 2012, 2018; Naeher et al. 2000; Nie
et al. 2016; Pollard et al. 2018; Sukhsohale et al. 2013). However,
many previous HAP studies involving LPG stoves lack personal ex-
posure measurements (Bruce et al. 2000; Pope et al. 2017), which
could help reduce bias frommeasurement error when quantifying
the relationship between HAP and health risks. Finally, few
cookstove studies have collected direct-reading measurements
(Bruce et al. 2000; Pope et al. 2017, 2021), which could enable
assessment of temporal variability of short-term high-concentra-
tion exposures (Clark et al. 2013) and provide powerful informa-
tion to detect relationships with health outcomes (Koehler and
Peters 2015).

To address current gaps and better understand the effect of a
biomass-to-LPG cleaner-cooking intervention on HAP exposures,
we conducted a 1-y randomized controlled trial followed by a 1-y
pragmatic crossover trial of two LPG intervention strategies
(Fandiño-Del-Rio et al. 2017). In the first year, intervention partici-
pants were assigned to receive an LPG stove and education on its
use and benefits, regular behavioral messaging, and free fuel deliv-
ered to their homes. Control participants were asked to continue
their usual cooking practices in the first year. During the second
year, control participants received the same LPG stove and educa-
tion, regular behavioral messaging, and vouchers to obtain LPG
tanks from a nearby distributor instead of home-based delivery of
LPG; fuel delivery and behavioral messaging were discontinued in
intervention participants, but they were permitted to keep their
LPG stoves (Fandiño-Del-Rio et al. 2017). We have previously
reported on reductions in mean kitchen area concentrations and
personal exposures to HAP during the first year (Checkley et al.
2021). Specifically, averaged first-year postrandomization concen-
trations of 48-h time-weighted means were found to be lower in
intervention participants when compared to controls for kitchen
area concentrations of PM2:5 (58.0 vs. 1,246:0 lg=m3), BC (5.0 vs.
206:0 lg=m3), and CO (6.0 vs. 47:4 ppm). We also reported lower
personal exposures to PM2:5 (30.0 vs. 98:0 lg=m3), BC (2.0 vs.
16:0 lg=m3), and CO (2.4 vs. 6:6 ppm) in intervention participants
when compared to control participants.

Here, we present a more detailed summary of longitudinal
HAP reductions resulting from our interventions, using the rich,
direct-reading measurements and data on compliance with wear-
ing the personal monitors. We also report on the effectiveness of
the intervention in reducing HAP using data collected during the
pragmatic trial in the second year, when we provided control par-
ticipants with an LPG stove and behavioral messaging but asked
them to pick up free fuel instead of delivering it to their homes,
as we did with intervention participants during the first year.
Specifically, this paper seeks to address the following questions:
a) What was the efficacy of free home-based fuel delivery, as

part of an LPG stove intervention, on mean and hourly maximum
kitchen area concentrations and personal exposures to PM2:5,
CO, and BC among intervention participants in comparison with
their prerandomization concentrations and in comparison with
control participants’ longitudinal concentrations over 1 y? b)
What is the effectiveness of a voucher-based system of free LPG
fuel, within an LPG stove intervention, on mean and hourly max-
imum kitchen area concentrations and personal exposures to
PM2:5, CO, and BC in comparison with to prerandomization con-
centrations and in comparison with concentrations in homes that
received LPG stoves but with discontinued free fuel provision?
and c) What is the longer-term effect of a 1-y intervention on
mean and hourly maximum kitchen area concentrations and per-
sonal exposures to PM2:5, CO, and BC among intervention partic-
ipants over the course of a year following discontinuation of free
fuel provision and behavioral messaging?

Methods

Study Setting
The Cardiopulmonary outcomes and Household Air Pollution
(CHAP) trial is an individually randomized, unblinded, con-
trolled field trial of provision of an LPG stove, free fuel distribu-
tion, and behavioral messaging intervention (Checkley et al.
2021; Fandiño-Del-Rio et al. 2017). The CHAP trial was con-
ducted in rural communities surrounding the city of Puno in
southeastern Peru, near the shore of Lake Titicaca at 3,825 m
above sea level. The area is characterized by a low population
density (17.6 people=km2) and low ambient air pollution due to
few other sources of pollution beyond biomass-burning for cook-
ing (Clasen et al. 2020). Median distance between houses in the
study area was 101 m [interquartile range (IQR): 56–189 m], and
the median nearest distance to a main road was 1,701 m (IQR:
893–3,103 m). Only 4% of houses were <100 m from a main
road (Fandiño-Del-Rio et al. 2017). Individuals in these rural
communities traditionally burn biomass fuels in open-fire stoves
for cooking. However, the use of LPG has become more common
since the introduction in 2012 of a government program [known
as FISE (its acronym in Spanish)], which subsidizes the cost of
LPG for poor families (Pollard et al. 2018). Consequently, some
households owned LPG stoves prior to our study. Nonetheless, a
recent study undertaken in our same study area found that >95%
of households with LPG stoves reported stove stacking with
biomass-burning traditional stoves despite the government sub-
sidy (Pollard et al. 2018).

Study Design
We enrolled 14–16 women each month between January 2017
and January 2018, ensuring that all seasons were represented at
all monitoring points. Approximately half of these participants
were randomly assigned to the intervention group. Inclusion cri-
teria were: women age 25–64 y; primary household cook; full-
time resident in Puno for ≥6 months; ability to understand study
procedures and provide informed consent; self-reported daily use
of biomass fuels for cooking; and having separate kitchen and
sleeping areas (Fandiño-Del-Rio et al. 2017). Prior ownership of
an LPG stove was not a criterion for exclusion as long as women
reported using biomass daily for cooking. Only one adult woman
was enrolled per household. No changes were made to enrollment
criteria after the start of the study. We drew a simple random
sample of 569 households from a census of the study area to
screen for eligible women, and we randomized a total of 181
women (Checkley et al. 2021).
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Randomization to intervention or control groups was done with
a 1:1 ratio using randomly permuted block sizes of two, four, and
six based on the time and order of enrollment. Randomization
envelopes were created by an investigator not involved in enroll-
ment and blinded from field staff in sealed envelopes until baseline
measurements were completed. Our study followed participants
for 2 y. We conducted a 1-y randomized controlled trial followed
by a 1-y pragmatic crossover trial of two LPG intervention strat-
egies. During the first year, intervention participants received an
LPG stove, a waist-high table (Figure 1A), free unlimited LPG fuel
tanks for 1 y delivered to their homes, and a cooking demonstration
and education to promote exclusive LPG stove use. The education
component of the intervention covered how to use andmaintain the
LPG stove and emphasized the benefits of cooking with LPG com-
pared to biomass. Cooking demonstrations used local ingredients
to teach participants how to use the LPG stoves to prepare common
dishes. The intervention also included continuous reinforcement
visits to promote exclusive LPG stove use. Control participantswere
asked to continue with their usual cooking practices (Figure 1B) for
the first year and did not receive education or behavioral messaging
during this time.

During the first year, one participant, randomized to the control
group, withdrew from the study before completing the 3-month
evaluations, which left an intention-to-treat sample of 180 partici-
pants. An additional participant, whose data was included in the
analysis (randomized to the intervention group), withdrew after
completing the 9-month follow-up measurements (Figure S1). The
first year of follow-up occurred between 1 March 2017 and 15
February 2019.

During the second year (at the end of the 12-month visit inter-
vention period), we conducted a 1-y pragmatic effectiveness trial
intended to follow a more practical, real-world scenario of an LPG
stove intervention, where participants picked up the free LPG fuel
from a nearby distributor (Schwartz and Lellouch 1967; Tunis et al.
2003; Ford and Norrie 2016). Intervention participants stopped
receiving free fuel and behavioral messaging, but they were per-
mitted to keep the stove and table. Control group participants
received the same LPG stoves; tables, cooking demonstrations,
and education on LPG stove use; continuous visits to reinforce
exclusive LPG use, including the same behavioral messaging that
intervention participants received during the first year; and vouch-
ers to pick up free unlimited LPG fuel tanks from a nearby distribu-
tor. The main difference in the intervention delivered to control

participants in the second year was the method of LPG fuel deliv-
ery: Instead of receiving the home-based delivery of free LPG that
intervention participants received during the first year, control par-
ticipants received vouchers that they could use to obtain LPG fuel
tanks for free from a nearby distributor. Behavioral reinforcement
was also provided less frequently to control participants during
year two (approximately once per month on average) than to inter-
vention participants during year one (approximately twice per
month on average). Participants were followed for a second year to
determine patterns of sustained use (intervention arm) or initial
adoption under a different strategy of fuel provision (control arm).
A total of seven participants withdrew from the study during the
second year of follow-up (Figure S1): four were control partici-
pants (three withdrew after 18 months and one after 21 months),
and three were intervention participants (two died after 15 and 24
months, and one participant withdrew after 18 months). The sec-
ond year of follow-up occurred between 1 March 2018 and 15
February 2020.

We monitored potential harms and adverse events, including
death and burns in both the intervention and control groups during
the 2 y of follow-up time and any LPG stove or tank explosions in
both groups once each group received the stove and intervention.
Additional information has been described in detail elsewhere
(Fandiño-Del-Rio et al. 2017). The trial is registered with
ClinicalTrials.gov (ID: NCT02994680). We followed CONSORT
guidelines for reporting nonpharmaceutical treatments (Table S1)
(Boutron et al. 2017). The full study protocol has been published
separately (Checkley 2021).

The trial was approved by the institutional review boards of
A.B. PRISMA (CE2402.16) and Universidad Peruana Cayetano
Heredia (66,780) in Lima, Peru, and by the Johns Hopkins
Bloomberg School of Public Health (00007128) in Baltimore,
Maryland, USA. All participants provided informed consent to
participate at the time of enrollment.

Assessment of HAP Exposures
Wemeasured kitchen area concentrations and personal exposures to
PM2:5 and CO at 1-min intervals continuously over 48 h at baseline
(preintervention) and at the 3-, 6-, 12-, 18-, and 24-month visits after
randomization. At baseline, we conducted a questionnaire that
included questions related to sociodemographics, kitchen character-
istics (i.e., presence of chimney, roof material), and types of stoves
and fuel used prior to the trial (including previous ownership of
LPG stoves) (Fandiño-Del-Rio et al. 2020). Wealth status was esti-
mated using the Demographic and Health Survey wealth quintiles,
as described inmore detail previously (Kephart et al. 2020).

Kitchen area concentrations were measured by placing PM2:5
and CO and monitors approximately one meter away from the
combustion zone (of biomass cookstoves for control participants
and of LPG stoves for intervention participants), 1:5meters
above the floor (representing the breathing zone), and at least one
meter from doors and windows when possible. Personal exposure
was measured by placing a PM2:5 and CO monitor near each par-
ticipant’s breathing zone using an adapted apron commonly worn
by women in the study area and provided to the participants.
Women were encouraged to wear the aprons throughout the dura-
tion of the sampling period and to keep the aprons close by while
sleeping or bathing.

We used the Enhanced Child MicroPEM (ECM; RTI Inc.), an
aerosol monitor that measures PM2:5 mass concentration via a
nephelometer while simultaneously collecting a filter sample for
gravimetric analysis. The ECMhas a pump operating at 0:3 L=min
to gravimetrically collect PM2:5 on a filter, a light-scattering laser
for continuous-time assessment of PM2:5, and an accelerometer to
detect movement. We calibrated the ECM pump flow rate daily

Figure 1. Kitchens of participants with an intervention LPG stove (A) and a
traditional biomass cookstove in rural Peru. Note: LPG, liquefied petroleum
gas. [Photo credit: (A) and (B): Kendra N. Williams; figures being reused
with her permission as the copyright holder.]
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before sample collection and recorded the ECM flow rate before and
after the collection of each sample using a TSI 4100 flowmeter (TSI
Inc.). The ECM also logs temperature, relative humidity, and flow
rate and reports humidity-corrected nephelometric concentration.
Gravimetric PM2:5 samples were collected on 15-mm Teflon filters
with a 2-lm pore size (Measurement Technology Laboratories
LLC). Filters were pre- and post-weighed at the Exposure Sciences
Laboratory of the Department of Environmental Health and
Engineering at Johns Hopkins University (JHU), in a humidity
(40%±5%) and temperature-controlled (20–23�C±2�C) room
using a MT5 microbalance (Mettler Toledo). We continuously
monitored the weight of filters selected exclusively as laboratory
blanks for every batch of filters used, which we weighed before we
performed measurements of samples. Laboratory blanks had to be
within 0:003 mg before performing any sample measurements.
Every filter was weighed twice and recorded when the consecutive
measurements were within 0:003 mg. We then used the average of
these twomeasurements.

Nephelometric concentrations of every sample were calibrated
using the sample-specific gravimetric time-weighted average
(TWA) filter samples. To avoid heavy loading of the filters given
the high PM2:5 concentrations observed in our study, the ECMs
were operated using intermittent duty cycles in households using
biomass cookstoves: 30 contiguous seconds every minute for per-
sonal exposure samples and 20 contiguous seconds every 3 min for
kitchen area samples. ECMs used to assess concentrations after
randomization in intervention households were set to sample con-
tinuously to avoid being below the limit of detection (LOD); this

change was made after 32% of intervention group samples during
the first year had been collected. When ECMs presented heavily
loaded filter issues that affected the logged flow rate, we used the
average of the pre- and post-sampling flow rates measured in the
field laboratory to estimate the total volume of air sampled (<7%
of year-one samples; of these, approximately 60% were baseline
samples that were evenly distributed between groups).

Compliance with personal monitor use during typical waking
hours [0400 hours to 2030 hours (4:00 A.M. to 8:30 P.M.)] and
during typical morning and evening cooking times [0430 hours to
0900 hours and 1700 hours to 1900 hours (4:30 A.M. to 9:00
A.M. and 5:00 P.M. to 7:00 P.M.)] was assessed using ECM
logged accelerometer data. The awake times and customary
cooking times for the current analysis were determined in consul-
tation with field staff based on field observations; the same time
window was assumed for all participants. Compliance was deter-
mined by estimating the arithmetic SD of the vector sum com-
posed of the movement on the three axes (Rodes et al. 2012) for
15-min blocks (compliance threshold: SD>0:005 G).

Direct-reading concentrations of CO were measured with the
EL-USB-CO data logger (Lascar Electronics). Data from the CO
monitors were calibrated using correction factors estimated every
3–4 months for each monitor. Calibration factors were derived by
co-locating all CO monitors in a sealed chamber in the field labo-
ratory. The monitors were exposed to clean air (nitrogen gas) and
a CO concentration of 100 ppm. Individual slopes and intercepts
were estimated for each device at each co-location time point to
correct any drift in the devices. The LOD for the direct-reading

Table 1. Baseline and household characteristics of study participants in rural Peru.

Variable Category Intervention (n=90) Control (n=90)

Household characteristics — — — — —
Kitchen roof material [n (%)] — — — — —
Corrugated metal roof — 36 (40%) 37 (41%)
Natural/Light: straw, totora, reed, or similar 54 (60%) 53 (59%)

Kitchen door permanently open [n (%)] — 13 (14%) 18 (20%)
Kitchen door not permanently open [n (%)] — 77 (86%) 72 (80%)
Windows permanently open [n (%)]

0 39 (43%) 33 (37%)
1 14 (16%) 12 (13%)
2 1 (1%) 6 (7%)
5 0 (0%) 2 (2%)

Ventilation over biomass stove [n (%)]
Stove with no ventilation — 30 (33%) 40 (44%)
Stove with chimney — 7 (8%) 12 (13%)
Stove in recessed area — 53 (59%) 38 (42%)
Most common fuels used for cooking [n (%)]
Alcohol/ethanol — 23 (26%) 13 (14%)
Wood — 37 (41%) 38 (42%)
Crop residue/grass/straw/bushes 61 (68%) 66 (73%)
Cow dung — 90 (100%) 89 (99%)
Previously owned secondary stove [n (%)]

None 26 (29%) 22 (24%)
LPG gas 64 (71%) 68 (76%)

Electricity in household [n (%)] 85 (94%) 90 (100%)
No electricity in household [n (%)] 5 (6%) 0 (0%)
Participant characteristics
Highest level of education achieved [n (%)]
Without education or preschool only — 4 (4%) 3 (3%)
Primary — 53 (59%) 53 (59%)
Secondary — 33 (37%) 34 (38%)
Non-university superior or university 0 (0%) 0 (0%)
Wealth quintile [n (%)]

1 51 (57%) 50 (56%)
2 32 (36%) 37 (41%)
3 7 (8%) 3 (3%)

4 and 5 0 (0%) 0 (0%)
Average years of education, mean (standard deviation) 6 3 6 3

Note: Data are complete for all observations. —, intentionally omitted.
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CO monitors was estimated as 1 ppm, which was three times the
SD of average concentrations logged during the regular clean air
calibration checks in the field.

BC concentrations were determined by measuring infrared opti-
cal attenuation on the PM2:5 filter samples (a cumulativemeasure per
sample) using a Magee OT21 SootScan transmissometer (Magee
Scientific). Attenuation (ATN) units were converted to mass using
the calibration algorithm (correction factor of 4.2 ATN units to
micrograms per square centimeter) provided byMagee Scientific for
Teflon filters using standard equations (Chow et al. 2010).

Quality Control Assessments of HAP Exposures

PM2:5 samples included 10% blanks and recorded concentrations
were blank-corrected. The LOD for PM2:5 samples was estimated

as three times the SD of themassmeasured from field blanks, using
cumulative gravimetric samples. In the first 6 months of the study,
preweighed filters were loaded into cassettes in the field laboratory
(these represented 15% of collected samples, were evenly split
between groups, and <60% were baseline samples). The LOD for
each gravimetric PM2:5 sample was estimated to be 20 lg=filter
(equivalent to approximately 23lg=m3 with a 48-h sample and
0:3 L=min flow rate). For the remainder of the study, filters were
preloaded to individual ECM cassettes at the JHU laboratory, with
an LOD of 9:8 lg=filter (equivalent to approximately 11lg=m3

with a 48-h sample and 0:3 L=min flow rate). The LOD for BC
samples was estimated using the cumulative sample and estimated
as three times the SD of the ATN readings recorded from field
blanks. The LOD for BCwas 1:4 lg=filter.Most of our BC sample
readings (>90%) were within the manufacturer’s recommended

Table 2. Household air pollution exposure of daily means summary statistics on control and intervention groups in rural Peru.

Control Intervention
Relative
difference

Follow-up
visit (months)a nb Mean (SD) Median (25th, 75th) GM (GSD) <WHO nb Mean (SD) Median (25th, 75th) GM (GSD) <WHO p-Valuec

Kitchen PM2:5
Baseline 89 1,220 (1,010) 970 (390, 1,790) 770 (3) 1% 89 1,190 (880) 990 (500, 1,880) 800 (3) 0% 0.865
3 89 1,140 (980) 840 (320, 1,730) 670 (3) 1% 90 82 (52) 71 (40, 140) 61 (2) 18% <0:001
6 88 1,180 (1,130) 770 (330, 1,830) 670 (3) 0% 90 50 (30) 62 (21, 72) 39 (2) 28% <0:001
12 89 1,420 (1,220) 1,080 (430, 2,230) 830 (3) 0% 87 41 (59) 21 (8, 41) 22 (3) 59% <0:001
18 88 63 (183) 17 (8, 41) 22 (3) 67% 87 447 (649) 74 (70, 635) 150 (5) 14% <0:001
24 84 34 (74) 14 (8, 23) 17 (3) 76% 84 561 (1,251) 74 (70, 708) 140 (6) 17% <0:001
Personal PM2:5
Baseline 90 126 (214) 71 (44, 127) 76 (2) 8% 90 104 (100) 77 (37, 137) 73 (2) 11% 0.782
3 87 92 (186) 57 (29, 85) 53 (3) 21% 90 26 (18) 25 (16, 32) 22 (2) 50% <0:001
6 90 96 (111) 61 (28, 113) 60 (3) 23% 89 35 (55) 16 (15, 33) 22 (2) 65% <0:001
12 90 103 (108) 71 (33, 117) 65 (3) 18% 87 26 (34) 15 (8, 23) 16 (2) 76% <0:001
18 90 16.7 (15.1) 8.8 (8, 18.9) 13.2 (2) 84% 88 46 (102) 16 (16, 38) 25 (2) 59% <0:001
24 85 17 (15) 11 (8, 16) 13 (2) 84% 84 35 (38) 17 (16, 43) 24 (3) 58% <0:001
Kitchen CO
Baseline 84 53.4 (48.5) 38.8 (21.3, 71.8) 33.5 (3.1) 12% 85 50.2 (40.8) 42.1 (17.8, 69.1) 32.5 (3) 12% 0.874
3 84 46.4 (37.4) 38.4 (18.7, 67.1) 28.5 (3.4) 17% 80 4.6 (6) 2.5 (1, 5.4) 2.6 (2.8) 89% <0:001
6 86 49.9 (43) 40.9 (18.3, 67.8) 30.5 (3.3) 12% 82 5.1 (5.5) 2.9 (1.4, 5.7) 3.2 (2.6) 82% <0:001
12 86 48.7 (38.6) 41.2 (15.2, 70.5) 29.9 (3.4) 17% 77 8.1 (13.2) 4.1 (1.8, 8.3) 4.1 (3.1) 78% <0:001
18 83 7.1 (10.6) 3.1 (1.1, 7.9) 3.3 (3.4) 77% 79 21.3 (25.8) 12.8 (1.9, 30.3) 8.6 (4.6) 46% <0:001
24 80 5.7 (6.2) 4.1 (1.2, 6.7) 3.3 (2.9) 84% 79 23 (28.2) 12.4 (3.3, 33.3) 10.2 (4.1) 47% <0:001
Personal CO
Baseline 81 6.6 (8.2) 3.2 (1.6, 8) 3.9 (2.7) 79% 79 7.1 (8.4) 4.4 (1.9, 8.7) 4.3 (2.7) 77% 0.526
3 79 6.3 (8.7) 3.5 (1.7, 7.5) 3.7 (2.7) 81% 76 2.5 (3.3) 1.2 (0.9, 2.6) 1.7 (2.2) 96% <0:001
6 81 7 (8.1) 4.3 (1.8, 8.8) 4.2 (2.7) 75% 79 1.7 (2.6) 1 (0.8, 1.3) 1.2 (1.9) 97% <0:001
12 81 6.7 (8.9) 3.8 (1.8, 7.8) 4.1 (2.7) 80% 79 2.7 (3.9) 1.2 (0.8, 2.1) 1.6 (2.4) 91% <0:001
18 75 2.6 (4.2) 1.2 (0.8, 2.2) 1.6 (2.4) 95% 80 4.5 (7.3) 1.6 (0.8, 4.9) 2.2 (3) 88% 0.033
24 73 2.7 (4.4) 1.1 (0.8, 2.5) 1.6 (2.4) 93% 76 3.9 (5.4) 1.6 (0.9, 5) 2.1 (2.8) 91% 0.042
Kitchen BC
Baseline 89 180 (120) 170 (90, 270) 130 (3) — 89 210 (150) 170 (80, 330) 140 (3) — 0.672
3 89 200 (130) 210 (110, 290) 130 (3) — 90 7.6 (4.2) 10.4 (2.3, 10.7) 5.6 (2) — <0:001
6 88 200 (140) 160 (100, 290) 130 (3) — 90 5.8 (4.5) 2.8 (1.3, 10.8) 3.8 (3) — <0:001
12 89 220 (150) 210 (100, 300) 150 (3) — 87 3 (5.7) 1.2 (1.2, 2.2) 1.8 (2) — <0:001
18 88 4.4 (9.5) 1.6 (1.6, 1.7) 2.3 (2) — 87 99 (133) 15 (14, 147) 31 (6) — <0:001
24 84 2.7 (4.8) 1.6 (1.6, 1.7) 1.9 (2) — 84 82 (124) 14 (14, 127) 23 (6) — <0:001
Personal BC
Baseline 90 19.1 (16.7) 15.2 (6.1, 26.8) 12.5 (2.7) — 90 21.3 (22.3) 15.6 (5.9, 31.3) 13.4 (2.8) — 0.646
3 87 14.4 (15.3) 9.1 (2.4, 21.5) 8.8 (2.8) — 90 2.2 (1.2) 2.3 (1.2, 2.4) 2 (1.5) — <0:001
6 90 14.7 (18.3) 8.8 (2.6, 14.8) 8.5 (2.8) — 89 2.3 (4.5) 2 (1.2, 2.4) 1.8 (1.6) — <0:001
12 90 17.6 (18.9) 12 (4.5, 20.9) 10.8 (2.8) — 87 1.9 (2.6) 1.2 (1.2, 1.3) 1.4 (1.7) — <0:001
18 90 2.2 (3.6) 1.6 (1.6, 1.7) 1.8 (1.5) — 88 7.9 (11.2) 3.2 (3.1, 7.4) 4.7 (2.4) — <0:001
24 85 2.1 (1.7) 1.6 (1.6, 1.7) 1.9 (1.5) — 84 5.9 (6.1) 3.2 (3.1, 5.9) 3.9 (2.6) — <0:001

Note: —, no data; BC, black carbon; CO, carbon monoxide; GM, geometric mean; GSD, geometric SD; <WHO, percent of samples <World Health Organization daily guidelines
(PM2:5 <25 lg=m3, CO<9:4 ppm) (There is no current guideline for BC.). LOD, limit of detection; PM2:5, fine particulate matter with aerodynamic diameter of ≤2:5 lm; SD, stand-
ard deviation.
aDuring the second year (follow-up visits:18- and 24 months) the control participants received the LPG stove intervention and vouchers for 1-y supply of free fuel and intervention par-
ticipants stopped receiving free fuel but kept the LPG stove.
bn: Represents nonmissing samples in each time point; each sample represents the daily mean metric defined as the mean of the two consecutive 24-h average concentrations, where
available.
cp-Values obtained using Student’s t-test on the log-transformed exposure concentrations comparing intervention and control groups. Samples <LOD were replaced by LOD=

ffiffiffi

2
p

: 7
and 1 lg for PM2:5 and BC gravimetric integrated samples, respectively; and 0:7 ppm for direct reading CO measurements.

Environmental Health Perspectives 057007-5 130(5) May 2022



range (0 to 125 ATN). Samples >125 ATN (7%) were all below
275 ATN. A previous biomass cookstove study using the same
type of optical transmissometer observed that the linear relation-
ship between ATN and concentration was maintained up to 275
ATN (Garland et al. 2017).

Kitchen area samples of PM2:5 and CO included 10% dupli-
cates. No duplicate samples were collected on personal samples
to reduce burden on the participants and increase wearing compli-
ance. We rotated monitors monthly to avoid systematic sampling
of either biomass or LPG households by specific devices. High
correlations were observed for duplicate samples (coefficients of
determination using Spearman’s correlation coefficients of 0.93,
0.94, and 0.85 for PM2:5, BC, and CO, respectively). The differ-
ence between the duplicate and the kitchen samples was below
10% for PM2:5 and BC and below 14% for CO.

Initially, a high proportion of PM2:5 samples among interven-
tion households were below the LOD (approximately 70% of
kitchen and 65% of personal samples). However, after duty
cycles and the filter loading protocol were adjusted, the percent
of samples below the LOD decreased to approximately 35%–47%
for kitchen samples and 42%–58% for personal samples (Table
S2). Furthermore, <15% of kitchen area samples in control
households were below the LOD for PM2:5 concentrations during
the first year. Personal PM2:5 samples among participants in the
control arm were below the LOD between 18% and 31% of the
samples (during the first year of follow-up visits). Similar propor-
tions were observed for BC (Table S2).

To increase the likelihood that each 24-h period was represen-
tative of a typical cooking day (i.e., capturing the typical number of
cooking events), samples with fewer than 20 h were excluded
(among samples with only the first day of valid sample, only three
samples had durations between 20–24 h on the first year and eight
samples on the second year, <1% of samples).We truncated gravi-
metrically corrected real-time measurements for PM2:5 and CO
samples at 48 h. Only 1% of samples were≥55 h.We estimated 48-h
concentrations as the average of the two consecutive 24-h means. If
the sample on the second day was <20 h, we used the 24-h mean for
the first day only (<6% of samples on the first year and <7% on the
second year). ForBC,we estimated the integrated time-weighted aver-
age concentration from the time-integrated filter-based PM2:5 samples
(entire sample duration).

Most short duration samples were due to battery issues and on
isolated occasions because the participants tampered with the devi-
ces. When possible, we repeated sample collection for a maximum
of two attempts. Missing PM2:5 samples represented 1.4% (n=10)
of kitchen area and 0.8% (n=6) of personal exposure samples for
the first year, and missing PM2:5 samples represented 2% (n=7) of
kitchen area and 1% (n=3) of personal exposure samples for the
second year. Missing CO samples represented 7% (n=48) of
kitchen area and 9% (n=63) of personal exposure samples for the
first year, and missing CO samples represented 8% (n=29) of
kitchen area and 13% (n=46) of personal exposure samples for the
second year. Half of the missing CO samples were due to short du-
ration samples and the other half to technical issues, whereas most
missing PM2:5 samples were due to technical issues. We did not
identify any consistent patterns of missing samples due to device
failures with time or by treatment group. All measurements below
the LODwere replaced by the LOD divided by the square root of 2.
These replacementsweremade to the direct-readingmeasurements
for CO samples (Table S3) and to the integrated gravimetric sam-
ples for PM2:5 and BC (Table S2).

To provide context, concentrations were compared against
24-h WHO air quality guidelines (WHO 2006, 2010, 2014). The
guideline used for CO in parts per million (9:4 ppm) is based on
temperature and pressure conditions representative of PunoT
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(7lg=m3 was adjusted to 10°C and 0.62 atm). We used the 24-h
guideline for PM2:5 of 25 lg=m3 and additionally estimated the
number of participants below daily interim targets: 37.5 and
75lg=m3. Although the WHO suggests 24-h guidelines, most of
the HAP literature uses as a reference the annual interim target 1
of 35lg=m3, which falls very close to the interim daily guideline
of 37:5lg=m3. We estimated the percentage of samples below
the 35 lg=m3 annual interim target 1 in addition to the 24-h
guidelines. The WHO does not provide guidelines for BC. As part
of quality control procedures, we calculated correlations between
pollutants, exposures, and sampling days during the first year.

Assessment of Exposure Measurements
Exposures were represented with a daily mean metric estimated
by averaging the two 24-h mean concentrations for each consecu-
tive day, only including days with ≥20 h of sampling. We used

the first 24-h average when the full 48-h averages were not avail-
able (6% of samples). We calculated maximum hourly mean con-
centrations using centered 60-min rolling means (where means
are placed at the center of the range rather than the end of it to
position the moving average values at their central positions in
time). We also calculated the proportion of samples of concentra-
tions below the WHO daily guideline levels for PM2:5 and CO.
For BC, we estimated the TWA concentration for the full sample
duration due to the use of the filter samples. Using the direct-
reading measurements of PM2:5 and CO, we estimated the per-
centage of samples that were within different concentration
ranges for every minute of the sample duration.

Statistical Methods
According to our prespecified intention-to-treat analysis plan, we
fitted linear regression models with generalized estimating equa-
tions (Zeger et al. 1988) to compare log-transformed pollutant
concentrations (to help meet linear regression assumptions)
between treatment groups as a function of follow-up visit and
adjusted for baseline log-transformed pollutant concentration
measured at the time of enrollment. We define prerandomization
enrollment measurements as the baseline measurements. Linear
regression equations were specified as:

log yij =b0 + b1 × log yi0 +b2 × IðinterventioniÞ+b3
× Iðtij =6monthsÞ+ b4 × Iðtij =6monthsÞ
× IðinterventioniÞ+ b5 × Iðtij =12monthsÞ+ b6
× Iðtij =12monthsÞ× IðinterventioniÞ+ b7
× Iðtij =18monthsÞ+b8 × Iðtij =18monthsÞ
× IðinterventioniÞ+ b9 × Iðtij =24monthsÞ+ b10
× Iðtij =24monthsÞ× IðinterventioniÞ+ ϵij:

In this equation, i= f1, . . . ,180g represents each study
participant, j= f3, 6, 12, 18, 24g represents the study visit,
IðinterventioniÞ identifies the treatment group (0 for controls
and 1 for intervention group), Iðtij = smonthsÞ identify the
study visits as indicator variables at times s months, log yij
represents the log-transformed pollutant for the ith participant
at the jth study visit, and log yi0 represents the log-transformed
pollutant for the ith participant at enrollment. To account for
repeated measurements over time by participant, we used a
compound symmetry correlation matrix and robust estimation
of standard errors. The estimated exponentiated regression
parameters ðb̂2, b̂2 + b̂4, b̂2 + b̂6, b̂2 + b̂8, and b̂2 + b̂10Þ repre-
sent the difference of geometricmean concentrations between inter-
vention and control groups for the corresponding study visits (3-, 6-,
12-, 18- and 24-month visits, respectively). We used the above
model to compare kitchen area concentrations and personal expo-
sures of PM2:5, BC, andCObetween treatment groups.

In secondary analyses, we fitted separate linear models with
generalized estimating equations by treatment group to compare
postrandomization HAP concentrations against the HAP concen-
trations obtained at baseline. These generalized linear regression
equations were specified as follows:

log yij = b0 + b1Iðtij =3monthsÞ+ b2 × Iðtij =6monthsÞ+b3
× Iðtij =12monthsÞ+ b4 × Iðtij =18monthsÞ+b4
× Iðtij =24monthsÞ+ ϵij

where i= f1, . . . ,180g represents each study participant,
j= f3, 6, 12, 18, 24g represents the study visit, the Iðtij = smonthsÞ
identify the study visits as indicator variables at times s months, and

Table 4. Relative differences in pollutant concentration of the intervention
group in comparison with control group (first year) and control group compared
to intervention group (second year) at the same time point using a daily mean metric
in rural Peru (n=180 participants).

Visit Percent relative differencea (95% CI) p-Value

Kitchen PM2:5
Month 3 −91 (−93, −88) <0:001
Month 6 −94 (−96, −92) <0:001
Month 12 −97 (−98, −96) <0:001
Month 18 85 (77, 90) <0:001
Month 24 88 (82, 92) <0:001
Personal PM2:5
Month 3 −56 (−65, −45) <0:001
Month 6 −62 (−70, −51) <0:001
Month 12 −74 (−80, −66) <0:001
Month 18 48 (34, 58) <0:001
Month 24 45 (30, 57) <0:001
Kitchen BC
Month 3 −96 (−97, −94) <0:001
Month 6 −97 (−98, −96) <0:001
Month 12 −99 (−99, −98) <0:001
Month 18 92 (89, 95) <0:001
Month 24 92 (87, 94) <0:001
Personal BC
Month 3 −78 (−82, −72) <0:001
Month 6 −79 (−83, −74) <0:001
Month 12 −87 (−90, −83) <0:001
Month 18 61 (52, 68) <0:001
Month 24 52 (40, 61) <0:001
Kitchen CO
Month 3 −90 (−93, −87) <0:001
Month 6 −88 (−92, −84) <0:001
Month 12 −86 (−90, −80) <0:001
Month 18 62 (41, 75) <0:001
Month 24 70 (56, 80) <0:001
Personal CO
Month 3 −56 (−67, −41) <0:001
Month 6 −72 (−78, −62) <0:001
Month 12 −61 (−71, −48) <0:001
Month 18 25 (−3, 45) 0.076
Month 24 33 (7, 51) 0.015

Note: BC, black carbon; CI, confidence interval; CO, carbon monoxide; LOD, limit of
detection; PM2:5, fine particulate matter with aerodynamic diameter of ≤2:5 lm.
aGeneralized estimating equation models were used using the log transformed pollutant
concentrations as the response adjusted for baseline concentrations, visit, randomization
group, and interaction terms between categorical variables for visit and randomization
group. Samples <LOD were replaced by LOD=

ffiffiffi

2
p

: 7 and 1 lg for PM2:5 and BC gravi-
metric integrated samples, respectively; and 0:7 ppm for direct reading CO measure-
ments. Daily mean metric used is defined as the mean of the two consecutive 24-h
average concentrations, where available. During the second year (follow-up visits:18-
and 24 months) the control participants received the LPG stove intervention and vouch-
ers for 1-y supply of free fuel and intervention participants stopped receiving free fuel
but kept the LPG stove. The reference group for the first-year relative differences is
the control group (C), and for second year it is the intervention group (I): (I–C)/C and
(I–C)/I, respectively.
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log yij represents the log-transformed pollutant for the ith participant
at the jth study visit. To account for repeated measurements over
time by participant, we used a compound symmetry correlation
matrix and robust estimation of standard errors. The estimated
exponentiated regression parameters (b̂1, b̂2, b̂3, and b̂4Þ represent
the difference of geometric mean concentrations at follow-up
study visits (3-, 6-, 12-, 18- and 24-month visits) when compared
to baseline for either the intervention or control groups. In sensitiv-
ity analyses, we used Student’s t-tests to compare log-transformed
HAP concentrations between treatment groups at each study visit.

We used a Wilcoxon rank-sum test to compare ECM wearing
compliance by treatment groups. To assess correlations between
pollutants, type of exposures (personal or kitchen area), and dupli-
cate samples, we used the Spearman’s rank correlation. Finally, we
also compared concentrations of each pollutant at each time point
separately using Student’s t-test on the log transformed exposure
concentrations comparing intervention and control groups to pres-
ent alongwith summary statistics.

Data analyses and visualizations were conducted in MATLAB
(The MathWorks, Inc.), STATA (version 14.2; StataCorp.) and R
(R version 3.6.2, Development Core Team). Sample size calcula-
tions were based on clinical outcomes reported elsewhere before
enrollment began (Fandiño-Del-Rio et al. 2017).

Results

Participant Characteristics at Enrollment
There were no differences in participant characteristics by treat-
ment group at baseline (Table 1). Concentrations of PM2:5, BC,
and CO were also similar (Table 2 and Table S4). Mean concen-
trations of PM2:5 (kitchen 1,220 vs. 1,190 lg=m3, p=0:87; perso-
nal 126 vs. 104lg=m3, p=0:78), BC (kitchen 180 vs.
210lg=m3, p=0:67; personal 19 vs, 21 lg=m3, p=0:65), and
CO (kitchen 53 vs. 50 ppm, p=0:87; personal 6.6 vs. 7:1 ppm,
p=0:53), were similar between control and intervention partici-
pants, respectively (Table 2). We also did not identify differences
in maximum hourly means (Table S4) between intervention and

control participants or differences in wearing compliance by
treatment group at any study visit [the median wearing compli-
ance for all samples was 59% (IQR: 32%–80%); Table 3; Table
S5]. Most baseline daily mean kitchen samples were above the
WHO daily air quality guideline levels: 88% for CO in both
groups, 99% for PM2:5 in controls, and 100% for PM2:5 in inter-
vention participants (Table 2).

Effect of Free, Home-Based LPG Delivery on HAP
Exposures during the First Year of the Trial
During the first year, when intervention participants received
home-based delivery of free LPG and control participants contin-
ued cooking primarily with biomass, we found consistently lower
postrandomization mean kitchen area concentrations and personal
exposures to PM2:5, CO, and BC in intervention participants in
comparison with controls in intention-to-treat analysis [at the
12-month visit for intervention participants, average postran-
domization kitchen area concentrations: 41 lg=m3 (SD 59 lg=m3),
8 ppm (SD 13ppm), and 3 lg=m3 (SD 6 lg=m3) and personal
exposures: 26lg=m3 (SD 34lg=m3), 3 ppm (SD 4 ppm), and
2 lg=m3 (SD 3lg=m3), respectively; Table 2] (Checkley et al.
2021). Specifically, we observed relative differences in month-12
follow-up visit kitchen concentrations of −97% for PM2:5 [95%
confidence interval (CI): −98% , −96%], of −99% for BC (95%
CI: −99%, −98%), and of −86% for CO (95% CI: −90%,
−80%), in intervention participants when compared to controls
(Table 4). See Table 2 and Table S4 for kitchen area concentrations
and personal exposures to PM2:5, BC, and CO by treatment group
and study visit.

In secondary analyses, we observed that intervention partici-
pants had lower postrandomization kitchen area concentrations
[month-12 visit relative differences in daily means PM2:5: −97%
(95% CI: −98%, −96%); BC: −99% (95% CI: −99%, −98%);
CO: −87% (95% CI: −91%, −83%)] and personal exposures
[month-12 visit kitchen relative difference in daily means PM2:5:
−78% (95% CI: −82%, −71%); BC: 89% (95% CI: −91%,

Table 5. Pollutant concentration differences across follow-up visits for the intervention group in comparison with baseline using a daily mean metric and maxi-
mum hourly means in rural Peru (n=180 participants).

Visitb

Differences in daily meansa Differences in maximum hourly means

Kitchen area percent
differences (95% CI)

Personal exposure percent
differences (95% CI)

Kitchen area percent
differences (95% CI)

Personal exposure percent
differences (95% CI)

PM2:5
3 −92 (−94, −90) −69 (−75, −62) −93 (−95, −90) −88 (−91, −84)
6 −95 (−96, −93) −70 (−76, −62) −95 (−96, −93) −90 (−92, −86)
12 −97 (−98, −96) −78 (−82, −71) −96 (−98, −95) −91 (−94, −88)
18 −81 (−87, −72) −66 (−73, −57) −83 (−89, −74) −79 (−85, −71)
24 −82 (−88, −74) −67 (−75, −58) −81 (−87, −73) −79 (−85, −70)
CO
3 −92 (−94, −89) −61 (−70, −50) −93 (−95, −90) −79 (−85, −70)
6 −90 (−93, −87) −71 (−78, −62) −88 (−92, −84) −85 (−89, −79)
12 −87 (−91, −83) −62 (−71, −51) −85 (−90, −79 −79 (−86, −70)
18 −74 (−82, −62) −48 (−61, −32) −69 (−79, −54) −70 (−80, −56)
24 −69 (−78, −55) −50 (−62, −33) −64 (−76, −47) −66 (−78, −49)
BC
3 −96 (−97, −94) −85 (−88, −81) — —
6 −97 (−98, −96) −86 (−89, −83) — —
12 −99 (−99, −98) −89 (−91, −86) — —
18 −78 (−86, −66) −65 (−73, −54) — —
24 −83 (−89, −74) −71 (−78, −61) — —

Note: BC, black carbon; CI, confidence interval; CO, carbon monoxide; LOD, limit of detection; LPG, liquefied petroleum gas; PM2:5, fine particulate matter with aerodynamic diame-
ter of ≤2:5 lm.
aDaily mean metric used is defined as the mean of the two consecutive 24-h average concentrations, where available. All coefficients: p <0:001.
bFollow-up visits: 3-, 6-, 12-, 18-, and 24-months. BC consisted of time weighted integrated samples therefore hourly maximums were not evaluated for this pollutant. Samples <LOD
were replaced by LOD=

ffiffiffi

2
p

: 7 and 1 lg for PM2:5 and BC gravimetric integrated samples, respectively; and 0:7 ppm for direct reading CO measurements. Generalized estimating equa-
tion models using the log transformed pollutant concentrations were used. During the second year (follow-up visits:18- and 24 months) the intervention participants stopped receiving
free fuel but kept the LPG stove.
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−86%); CO: −62% (95% CI: −71%, −51%)] to all pollutants
during the first year when compared to their baseline measurements
(Table 5). We also observed consistent reductions in maximum
hourly averages during the first year of follow-up in comparison
with baseline (Table 5). These reductions were greater over time
for both kitchen area concentrations of and personal exposures to
PM2:5 and BC, and we found lower reductions for kitchen area
concentrations of exposures to CO (Table S6), which were, how-
ever, still below the CO daily WHO air quality guidelines.

Control participants also had lower postrandomization HAP
concentrations in comparison with baseline. Although kitchen
area concentrations from daily mean samples for control partici-
pants were 14% lower for PM2:5 [−14% (95% CI: −31%, 9%)
and −14% (95% CI: −30%, 7%)] and 15% and 9% lower for CO
[−15% (95% CI: −31%, 6%) and −9% (95% CI: −26%, 12%)]
during the 3- and 6-month visits when compared with baseline,
these differences were not significant (Table 6); and, although
personal exposures at the 3- and 6-month visits were 20%–30%
lower in comparison with baseline, these differences did not
remain statistically significant at the 12-month visit (Table 6).

During the first year of follow-up, the LPG stove intervention
with home-based delivery of free LPG reduced most daily mean
samples of personal and kitchen PM2:5 and CO concentrations
below the respective WHO daily air quality guideline levels
(Figure 2 and Figure 3) (Checkley et al. 2021). At the 12-month
follow-up visit, more than 76% and 91% of the personal exposure
samples (59% and 78% of kitchen samples) were below WHO air
quality guideline levels for 24-h PM2:5 (25lg=m3) and CO
(9:4 ppm), respectively (Table 2). When compared with the
PM2:5 interim target-3 recommended by the WHO (WHO 2006,
2010) (37:5 lg=m3, only one target above the 24-h guideline),
82% of PM2:5 personal exposure samples (72% of PM2:5 kitchen
samples) were below this threshold (Table S7).

Reductions were also evident when evaluating the daily vari-
ability in concentrations. The percentage of samples that fell
within five concentration ranges for every minute of the day are
shown in Figures 4–7. Direct reading samples show two cooking
events each day. Baseline concentrations in kitchen area

concentrations show that at approximately 0600 hours (6:00 A.
M.), only 20% of the samples experienced concentrations below
25lg=m3 for PM2:5 and below 7 ppm for CO. At that time of the
day, more than 60% of households had concentrations above
1,000lg=m3 for PM2:5 and above 90 ppm for CO. Large reduc-
tions during the first year of follow-up were observed in the daily
patterns of concentrations for the LPG intervention group for
both kitchen concentrations and personal exposures in compari-
son with baseline (Figures 4D, 5D, 6D, and 7D). Specifically,
>60% of the first year follow-up kitchen area samples and >80%
of personal exposure samples in the LPG stove intervention group
were in the lowest concentration categories (PM2:5<24lg=m3

and CO <6 ppm) during cooking periods.

Effect of Voucher-Based Provision of LPG on HAP
Exposures during the Second Year of the Trial
During the second year, when intervention participants stopped
receiving free LPG and control participants received vouchers to
obtain free LPG from local distributors, we observed lower
PM2:5, BC, and CO concentrations in comparison with baseline
(at the 24-month visit, average kitchen area concentrations of
34lg=m3, 3lg=m3, and 6 ppm and personal exposures of
17lg=m3, 2 lg=m3, and 3 ppm, respectively; Table 2), and we
observed reductions in HAP exposure for the control group in the
second year of the trial that were similar to those found in the
intervention group during the first year (who received fuel deliv-
ery) (Figures 2 and 3; Figure S2). PM2:5 and CO daily mean con-
centrations in controls during the second year were below the
WHO daily air quality guideline levels (Table 2).

In the intention-to-treat analysis of the second year of the
trial, we found lower mean kitchen area concentrations and
personal exposures in controls (receiving fuel vouchers) in
comparison with intervention participants (no longer receiving
a fuel subsidy) for the three pollutants measured (Table 4). For
example, the relative differences in kitchen area concentra-
tions show an 88% reduction in the control group in compari-
son with those of the intervention group for PM2:5 and 70% for CO

Table 6. Pollutant concentration changes across follow-up visits for the control group compared to baseline using a daily mean metric and maximum hourly
means in rural Peru (n=180).a

Differences in daily means a Differences in maximum hourly means

Visitb
Kitchen area percent
differences (95% CI) p-Value

Personal exposure %
differences (95% CI) p-Value

Kitchen area percent
differences (95% CI) p-Value

Personal exposure percent
differences (95% CI) p-Value

PM2:5
3 −14 (−31 ,9) 0.22 −30 (−44, −13) 0.001 −28 (−42, −10) 0.004 −31 (−46, −12) 0.004
6 −14 (−30, 7) 0.17 −21 (−34, −6) 0.01 −23 (−41, −1) 0.039 −27 (−43, −6) 0.02
12 7 (−13, 31) 0.54 −14 (−29, 4) 0.12 −6 (−22, 12) 0.470 −16 (−34, 7) 0.16
18 −97 (−98, −96) <0:001 −83 (−86, −78) <0:001 −96 (−97, −94) <0:001 −92 (−94, −88) <0:001
24 −98 (−98, −97) <0:001 −83 (−86, −79) <0:001 −97 (−98, −96) <0:001 −92 (−94, −89) <0:001
CO
3 −15 (−31, 6) 0.14 −4 (−26, 25) 0.76 −12 (−28, 7) 0.206 1 (−26, 36) 0.97
6 −9 (−26, 12) 0.38 9 (−18, 45) 0.55 −4 (−20, 16) 0.688 17 (−14, 59) 0.32
12 −11 (−27, 9) 0.26 6 (−17, 35) 0.63 −4 (−18, 12) l0.615 37 (1, 86) 0.04
18 −90 (−93, −86) <0:001 −59 (−69, −46) <0:001 −90 (−93, −86) <0:001 −74 (−82, −63) <0:001
24 −90 (−93, −87) <0:001 −60 (−70, −46) <0:001 −89 (−92, −85) <0:001 −77 (−85, −65) <0:001
BC
3 −1 (−25, 31) 0.96 −30 (−45, −10) 0.01 — — — —
6 −2 (−23, 24) 0.84 −32 (−45, −15) 0.001 — — — —
12 15 (−6, 41) 0.18 −13 (−30, 6) 0.16 — — — —
18 −98 (−99, −98) <0:001 −85 (−88, −81) <0:001 — — — —
24 −99 (−99, −98) <0:001 −85 (−88, −82) <0:001 — — — —

Note: —, no data; BC, black carbon; CI, confidence interval; CO, carbon monoxide; PM2:5, fine particulate matter with aerodynamic diameter of ≤2:5 lm.
aDaily mean metric used is defined as the mean of the two consecutive 24-h average concentrations, where available.
bFollow-up visits: 3-, 6-, 12-, 18-, and 24-months. BC consisted of time weighted integrated samples therefore hourly maximums were not evaluated for this pollutant. Samples <LOD
were replaced by LOD=

ffiffiffi

2
p

: 7 and 1 lg for PM2:5 and BC gravimetric integrated samples, respectively; and 0:7 ppm for direct reading CO measurements. Generalized estimating equa-
tion models using the log transformed pollutant concentrations were used. During the second year (follow-up visits:18- and 24 months) the control participants received the LPG stove
intervention and vouchers for 1-y supply of free fuel.
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at the 24-month follow-up visit [PM2:5: 88% (95% CI: 82%, 92%);
CO: 70% (95% CI: 56%, 80%), p<0:001]. In secondary analysis,
we observed significant reductions between the second-year
concentrations in the control group in comparison with their
baseline levels (all p<0:001) in kitchen area daily mean con-
centrations [month-24 visit daily mean differences PM2:5:

−98% (95% CI: −98%, −97%); CO: −90% (95% CI: −93%,
−87%); BC: −99% (95% CI: −99%, −98%)] and personal
exposures [between 83% to 85% for PM2:5 and BC and 60% for
CO; month-24 visit daily mean differences PM2:5: −83 (95% CI:
−86%, −79%); CO: −60% (95% CI: −70%, −46%); BC: 85%
(95% CI: −88%, −82%)] to all pollutants (Table 6). Consistent

Figure 2. PM2:5 and CO box plots of daily mean kitchen area exposure concentrations at each follow-up visit (baseline, 3-, 6-, 12-, 18-, and 24-months) for
LPG stove intervention participants (LPG) and control participants (Control). Daily mean metric used is defined as the mean of the two consecutive 24-h aver-
age concentrations, where available. During the second year (follow-up visits:18- and 24 months) the control participants received the LPG stove intervention
and vouchers for 1-y supply of free fuel and intervention participants stopped receiving free fuel but kept the LPG stove. Interquartile ranges of the box plots
represent the 25th and the 75th percentiles of the daily means for each group; the middle line of the box represents the 50th percentile. Numeric data is pro-
vided in Table 2. Note: CO, carbon monoxide; LPG, liquefied petroleum gas; PM2:5, fine particulate matter with aerodynamic diameter of ≤2:5 lm; WHO 24-h
guideline, World Health Organization daily guideline (PM2:5: 25lg=m3, CO: 9:4 ppm).
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proportions were observed for maximum hourly means (Table 6).
Reductions between baseline and measurements taken at 18-mo
and 24-mo follow-up visits among control participants were com-
parable; no consistent time trends were identified for any of the
pollutants throughout the second year (Table S6).

At the end of the second year of follow-up, more than 80%
and 90% of the personal exposure samples (67% and 84% of
kitchen samples) in the control group were below 24-h WHO air
quality guideline levels for PM2:5 (25lg=m3) and CO (9:4 ppm),
respectively (Table 2). When compared with the PM2:5 interim

Figure 3. PM2:5 and CO box plots of daily mean personal exposure concentrations at each follow-up visit (baseline, 3-, 6-, 12-, 18-, and 24-months) for LPG
stove intervention participants (LPG) and control participants (Control). Daily mean metric used is defined as the mean of the two consecutive 24-h average
concentrations, where available. During the second year (follow-up visits:18- and 24 months) the control participants received the LPG stove intervention and
vouchers for 1-y supply of free fuel and intervention participants stopped receiving free fuel but kept the LPG stove. Interquartile ranges of the box plots repre-
sent the 25th and the 75th percentiles of the daily means for each group; the middle line of the box represents the 50th percentile. Numeric data is provided in
Table 2. Note: CO, carbon monoxide; LPG, liquefied petroleum gas; PM, particulate matter; WHO 24-h guideline, World Health Organization daily guideline
(PM2:5: 25lg=m3, CO: 9:4 ppm).
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target-3 recommended by the WHO (37:5 lg=m3, only one target
above the 24-h guideline), 90% of personal exposure samples
(82% of kitchen samples) were below this threshold (Table S7).

Important and sustained reductions in kitchen area concentra-
tions of and personal exposures to all pollutants were also evident
when evaluating the daily variability in concentrations among con-
trols during the second year in comparison with their concentration
during the first year and in comparison with baseline measurements
(Figures 4E, 5E, 6E, and 7E). Similar to what was observed for
intervention participants in the first year of the intervention (receiv-
ing fuel delivery), >60% of the kitchen area samples and >80% of
personal exposure samples in the control group during the second
year (receiving fuel vouchers) were in the lowest concentration cate-
gory (CO<6 ppm and PM2:5<24lg=m3) during cooking periods.

HAP Exposures among Intervention Participants during the
Second Year of the Trial
During the second year of the trial, after intervention participants
had completed 1 y of receiving free LPG and had to begin pur-
chasing their own LPG if desired, kitchen area and personal
exposures to all pollutants were higher in comparison with meas-
urements for PM2:5, BC, and CO concentrations during the first

year with the LPG stove intervention (at the 24-month visit aver-
age kitchen area concentrations of 561lg=m3, 82lg=m3, and
23 ppm and personal exposures of 35lg=m3, 6lg=m3, and
4 ppm, respectively; Table 2). However, they were still signifi-
cantly lower than baseline concentrations among intervention
participants (Figures 2 and 3; Figure S2; Figures 4F, 5F, 6F, and
7F). Daily mean kitchen area concentrations in the intervention
group were between 78% to 83% lower for PM2:5 and BC during
the 18- and 24-month visits and between 69% to 74% lower for
CO in comparison with baseline (Table 5). Daily mean personal
exposures at 18- and 24-month visits in the intervention group were
also lower (reductions between 65% to 71% for PM2:5 and BC and
48% to 50% for CO) in comparison with baseline (Table 5). The
percentages of samples below the WHO daily air quality guideline
levels among intervention households at the 24-month visit were
90% and 58% for personal samples (47% and 17% for kitchen sam-
ples) for CO and PM2:5, respectively (Table 2).

Correlations
Correlation between kitchen area CO and PM2:5 was low among
intervention participants and high among controls (Table S8). We

Figure 4. Percent of kitchen area samples within different PM2:5 concentration ranges by minute of a day for the intervention group (B,D,F) and control group
(A,C,E) at baseline (A,B), at follow-up samples taken at the 3-, 6-, 12-month time points (C,D), and 18-, and 24-month time points (E,F) in rural Peru.
Samples <LOD were replaced by LOD=

ffiffiffi
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p

: 7 lg for PM2:5 gravimetric integrated samples, respectively. The sample size for baseline, 3-, 6-, 12, 18-, and
24-month visits for control and intervention households are: n0 = 89 and 89, n3 = 89 and 90, n6 = 88 and 90, n12 = 89 and 87, n18 = 88 and 87, n24 = 84 and
84. During the second year (follow-up visits:18- and 24 months), the control participants received the LPG stove intervention and vouchers for 1-y supply
of free fuel and intervention participants stopped receiving free fuel but kept the LPG stove. Note: LOD, limit of detection; LPG, liquefied petroleum gas;
PM, particulate matter.
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also observed low correlations between kitchen area concentra-
tions and personal exposures for CO and PM2:5. When comparing
the consecutive days of sampling within pollutants, personal ex-
posure to PM2:5 had the lowest intraclass correlation coefficient
(ICC) between the first and second day of measurements at each
visit (0.36 for controls and 0.5 for intervention), whereas the ICC
for personal exposure to CO was the highest (0.77 for controls
and 0.84 for intervention).

Discussion
Our study demonstrated that both home-based delivery and
voucher-based supply of free LPG resulted in significant and sus-
tained reductions in kitchen concentrations and personal expo-
sures to PM2:5, BC, and CO to levels below the 24-h WHO air
quality guideline levels for most homes in comparison with daily
biomass use. Mean kitchen area concentrations of and personal
exposures to CO were below the 24-h WHO air quality guideline
levels when free fuel was delivered (intervention, year 1) and
when free fuel vouchers were provided without delivery (con-
trols, year 2). Reductions among the control group during the sec-
ond year (under provision of free LPG through vouchers) were
comparable to the reductions obtained for the intervention group

during the first year (under home-based delivery of free LPG).
This finding suggests that, combined with a behavioral and edu-
cation intervention, a voucher system for provision of free LPG
would be sufficient to achieve HAP exposures within daily WHO
air quality guidelines.

Over the course of the first year of the trial, we observed that ex-
posure reductions among intervention participants were not only
substantial during the first follow-up visit but were consistent over
the entire 12 months of free LPG delivery. Our observation of
greater reductions for PM2:5 and BC at the end of the first year in
comparison with measurements taken during the first few months
after the start of the intervention suggests a trend of enhanced reduc-
tions over time. Our study also demonstrates that the HAP reduc-
tions were sustained beyond the intervention year for intervention
participants (year 2) after their fuel subsidy had ended. Specifically,
1 year after intervention participants stopped receiving LPG deliv-
eries, 58% of PM2:5 personal exposures (17% of kitchen samples)
were still below 24-hWHO air quality guideline levels for the inter-
vention group (in comparison with a baseline of 11% of personal
samples and 0% of kitchen samples below the guideline level). This
finding suggests that provision of a free LPG stove accompanied by
a short-term program of free LPG delivery with behavioral messag-
ing and education may result in longer-term exposure reductions in

Figure 5. Percent of kitchen area samples within different CO concentration ranges by minute of a day for the intervention group (B,D,F) and control group
(A,C,E) at baseline (A,B), at follow-up samples taken at the 3-, 6-, 12-month time points (C,D) and at 18-, and 24-month time points (E,F) in rural Peru.
Samples <LOD were replaced by LOD=

ffiffiffi
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: 0:7 ppm for direct reading CO measurements. The sample size for baseline, 3-, 6-, 12, 18-, and 24-month visits
for control and intervention households are: n0 = 84 and 85, n3 = 84 and 80, n6 = 86 and 82, n12 = 86 and 77, n18 = 83 and 79, n24 = 80 and 79. During the sec-
ond year (follow-up visits:18- and 24 months) the control participants received the LPG stove intervention and vouchers for 1-y supply of free fuel and inter-
vention participants stopped receiving free fuel but kept the LPG stove. Note: CO, carbon monoxide; LOD, limit of detection; LPG, liquefied petroleum gas.
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resource-limited settings such as Peru. However, it is important to
note that achievement of the WHO air quality guidelines was much
higher among participants receiving free LPG, suggesting that fi-
nancial subsidies are essential to sustain the near-exclusive LPG
use required to maintain exposures within guideline levels more
consistently.

Preliminary analyses of stove and fuel use during the second
year demonstrate that intervention participants continued using the
LPG stove after they stopped receiving free fuel, but less exclu-
sively in comparison with the first year (details will be published
separately). Possible factors influencing the levels of sustained
LPG use observed include time savings and other benefits per-
ceived by participants (Williams et al. 2020b), the relative proxim-
ity (1− 10 km) of LPG retailers to participant homes (Fandiño-
Del-Rio et al. 2017), the governmental LPG subsidization program
in Peru (Pollard et al. 2018), and the experience participants gained
with LPG during the first year of the trial. A qualitative investiga-
tion into the specific factors motivating sustained LPG use among
the participants is currently under preparation.

To our knowledge, the concentration reductions observed in this
field intervention trial are among the largest achieved in any pub-
lished clean fuel intervention trial targeting users of biomass cook-
stoves. Only a couple of recent nonrandomized pilot studies, with a

similar LPG stove and behavioral interventions in India, have been
able to achieve comparable reductions (Pillarisetti et al. 2019;
Sambandam et al. 2020). Studies in Guatemala, Bangladesh, and
India demonstrated PM indoor area reductions with LPG stove use
in comparison with biomass use, which ranged from 45% to 75%
(achieving concentrations between 50 to 800 lg=m3) (Albalak et al.
2001; Banerjee et al. 2012; Begum et al. 2009; Dutta et al. 2012;
Naeher et al. 2000). Most of these previous studies were cross-
sectional, some measured exposures on a small number of partici-
pants (Albalak et al. 2001; Begum et al. 2009; Naeher et al. 2000),
and many participants continued to use both LPG and biomass
stoves (Albalak et al. 2001; Gould et al. 2020; Naeher et al. 2000).

During the first year of the trial, our free, home-based delivery
of LPG fuel and behavioral reinforcement intervention resulted
in kitchen area PM2:5 and CO reductions (97% and 86%, respec-
tively) greater than those previously estimated for advanced com-
bustion stoves (41% and 39%, respectively) and ethanol stoves
(83% and 82%, respectively) (Kumar et al. 2021; Pope et al.
2017). Furthermore, our LPG intervention resulted in concentra-
tions below WHO air quality guideline levels, in contrast to pre-
vious studies (Kumar et al. 2021; Pope et al. 2017, 2021; Saleh
et al. 2020). A combination of low ambient air pollution concen-
trations (Clasen et al. 2020; Pollard et al. 2014), low population

Figure 6. Percent of personal exposure samples within different PM2:5 concentration ranges by minute of a day for the intervention group (B,D,F) and control
group (A,C,E) at baseline (A,B), at follow-up samples taken at the 3-, 6-, 12-month time points (C,D) and at 18-, and 24-month time points (E,F) in rural Peru.
Samples <LOD were replaced by LOD=
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7 lg for PM2:5 gravimetric integrated samples, respectively. The sample size for baseline, 3-, 6-, 12, 18-, and 24-
month visits for control and intervention households are: n0 = 90 and 90, n3 = 87 and 90, n6 = 90 and 89, n12 = 90 and 87, n18 = 90 and 88, n24 = 85 and 84.
During the second year (follow-up visits:18- and 24 months) the control participants received the LPG stove intervention and vouchers for 1-y supply of free
fuel and intervention participants stopped receiving free fuel but kept the LPG stove. Note: LOD, limit of detection; LPG, liquefied petroleum gas.
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density, large distance from main roads, and near-exclusive use
of LPG stoves among intervention participants who used LPG for
over 98% of cooking minutes (Williams et al. 2020b) may
explain our success in achieving lower HAP levels than the lev-
els achieved in previous studies. We also achieved HAP levels
lower than what has been estimated through modeled scenarios
with LPG stoves (personal exposures to PM2:5 of 70 lg=m3)
(Steenland et al. 2018).

Our results indicate levels of PM2:5, BC, and CO that could be
attainedwith unlimited, free supply of LPG in areaswith low levels
of ambient air pollution. However, achieving near-exclusive use of
LPG and reducing indoor air concentrations requires careful con-
sideration of local characteristics (including population density);
the economic, social, and behavioral conditions that influence
cooking practices; and fuel choices, which will vary both within
andbetween countries (Fandiño-Del-Rio et al. 2020;Williams et al.
2020a).

In addition to the significant exposure reductions from free,
delivered LPG in the first year of the trial (70%–90%), we
observed some reductions (20%–30%) in PM2:5 and BC personal
exposure within the control arm during the same period. These
reductions in personal exposures were much smaller than the

reductions observed for the intervention participants and did not
persist throughout the year. Although kitchen area concentrations
in the control group were also lower during the first year in com-
parison with the baseline measurements, the differences were not
statistically significant. Other intervention trials have found that
the control group often experiences some of the intervention ben-
efits when not blinded (Gal et al. 2019; Magill et al. 2019). For
example, an energy package intervention that included a semi-
gasifier cookstove, water heater, chimney, and supply of proc-
essed biomass fuel in rural China resulted in reductions in air pol-
lution exposures in both the treatment and control groups (Clark
et al. 2019). One possible explanation is the increased use of pre-
viously owned LPG stoves among control participants that may
have occurred as a result of learning about LPG benefits over the
course of the trial (Williams et al. 2020b).

Our analysis of monitor-wearing compliance showed that par-
ticipants wore personal monitors for 55% of awake time, similar
to what some studies have observed in other rural settings (66%
in the eastern Tibetan Plateau; 45% in rural Malawi) (Cho et al.
2016; Ye et al. 2020). Although higher compliance has been
achieved in a cookstove study in Sri Lanka (83%–87%) (Chartier
et al. 2017), lower compliance is not uncommon. A study in

Figure 7. Percent of personal exposure samples within different CO concentration ranges by minute of a day for the intervention group (B,D,F) and control
group (A,C,E) at baseline (A,B), at follow-up samples taken at the 3-, 6-, 12-month time points (C,D) and at 18-, and 24-month time points (E,F) in rural Peru.
Samples <LOD were replaced by LOD=
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): 0:7 ppm for direct reading CO measurements. The sample size for baseline, 3-, 6-, 12, 18-, and 24-month visits
for control and intervention households are: n0 = 81 and 79, n3 = 79 and 76, n6 = 81 and 79, n12 = 81 and 79, n18 = 75 and 80, n24 = 73 and 76. During the sec-
ond year (follow-up visits:18- and 24 months) the control participants received the LPG stove intervention and vouchers for 1-y supply of free fuel and inter-
vention participants stopped receiving free fuel but kept the LPG stove. Note: CO, carbon monoxide; LPG, liquefied petroleum gas; LOD, limit of detection.

Environmental Health Perspectives 057007-15 130(5) May 2022



Ecuador observed only 12% compliance in daytime hours (Gould
et al. 2020). Previous studies have considered a wearing compli-
ance >40% as representative of personal exposures (Lawless et al.
2012; Rodes et al. 2010). Wearing compliance did not differ by
study arm, which increases our confidence that the differences
observed in personal exposures between study arms were due to
the intervention and not to differences in wearing compliance.

Low ICC between the consecutive first and second days of
personal samples could be due to differences in movement pat-
terns across days. If this is the case, then one 24-h sample might
not always be sufficient to capture the typical concentrations in
these types of settings. Also, because kitchen CO samples were
similar on consecutive sampling days, a second day of sampling
might not be necessary for CO kitchen area concentrations but
might be valuable for PM2:5.

Strengths and Limitations
We faced several challenges during sampling due to the high con-
centrations observed with biomass stoves that caused some of our
filters to overload, draining the battery and resulting in shorter
than intended sample durations. Additionally, concentrations
below our detection limits in the intervention group were com-
mon. However, because the impact of HAP with the LPG stove
in comparison with biomass cookstoves was so dramatic, it is
unlikely that the sampling limitations affected the interpretation
of our results. In contrast to PM2:5 and CO, BC samples were
only measured on the integrated samples. Thus, it was not possi-
ble to identify peaks or daily patterns for this pollutant. Another
limitation of our study was the inability to fully quantify LPG
stove use by control participants during the first year of the trial.
Although all participants reported using biomass daily at base-
line, 70 control participants had observed, reported, or monitored
LPG use during the first year of the trial, but only 24 participants
had monitors installed on their LPG stoves during this period
(Williams et al. 2020b). Exposure contrasts may have been even
greater if control participants had used biomass stoves exclu-
sively during the first year of the trial. Additionally, because we
used intermittent duty cycles on the PM2:5 devices for partici-
pants who used biomass stoves, we might have missed short du-
ration peaks in concentration within the sampling cycle.
However, it is unlikely that this limitation affected our conclu-
sions because it would result in biomass group concentrations
estimations that are conservative. Therefore, this would bias our
effect estimates toward the null, meaning that the effect estimates
might be even more extreme that what we found.

Successes of this study include high retention of participants,
near-exclusive use of the LPG fuel intervention by intervention
participants during the first year of the trial, and significant reduc-
tion of HAP under conditions of provision of free LPG through
home-based delivery and a voucher system.Our use of small, light-
weight, portable sampling devices allowed us to measure personal
exposures, which are expected to be more relevant for understand-
ing the relationship between exposures and health outcomes than
kitchen area concentrations. The collection of pollutant concentra-
tions at high temporal resolution at multiple time points over the
course of 2 y and the gravimetric correction for nephelometric
PM2:5 samples provided high-quality data. We observed important
reductions of PM2:5, BC, and CO concentrations; however, future
directions should incorporate quantification of other hazardous air
pollutants associated with LPG stoves such as NO2. Although we
have previously shown significant NO2 concentration reductions
for a subset of participants in this trial, we have also demonstrated
that NO2 concentrations with LPG stove use can still remain above
those of theWHOair quality guidelines (Kephart et al. 2021).

Conclusion
We observed significant and sustained HAP reductions from
free provision of LPG through both home-delivery and voucher-
based delivery systems, when combined with a free LPG stove
and continuous behavioral reinforcement. Home-based delivery
of free LPG resulted in personal exposures to HAP at levels
approaching those recommended by the WHO for PM2:5 and
CO.We also observed that, combined with a behavioral and edu-
cation intervention, provision of free LPG through vouchers was
sufficient to encourage participants to use LPG stoves and
achieve similar low exposures. Moreover, we found that home-
based delivery of free LPG for 1 y motivated many households
to sustain lower levels of exposure in comparison with baseline
and in comparison with levels experienced by primary biomass
users who had not received such an intervention (control partici-
pants during the first year of the trial). These results support
efforts to promote exclusive LPG stove use over improved biomass
stoves. Further research on the feasibility and cost-effectiveness of
the intervention, in addition to specific contributions of the behav-
ioral and education intervention components, is needed to under-
stand its potential for implementation and scale-up in larger-scale
national programs. Results of this trial will inform the feasibility of
LPG stove intervention programs to reduce HAP and improve
health in resource-limited settings such as Peru. Our results high-
light the need for more efforts to improve the feasibility and accessi-
bility of exclusive use of LPG stoves to achieve levels specified by
theWHOPM2:5 andCOguidelines globally.
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